Water management that ensures the effective removal of produced water in the microchannel at the cathode is critical for the performance of PEM fuel cells. The small dimension and confined space of channels leads to the importance of the surface force in determining the dynamics of inside liquid slugs
INTRODUCTION
Multiphase flow in microchannel has been extensively studied in the past few decades due to its wide application. For instance, PEM Fuel Cells operating under high current density tends to suffer from excessive water accumulation, leading to liquid blockage of the cathode flow channel to such an extent that the transport of reactant gases to the electrodes is hindered. Hence, water management that ensures the effective removal of produced water from the microchannel is critical [1, 18] . Besides, microscale multiphase flow problem is closely related to the issue of boiling heat transfer in microchannel, which is becoming increasingly important with the development of the microelectronics cooling technology [24] [25] [26] . In addition, the study on the multiphase flow in microchannel, which could be viewed as the fundamental element of the real rock porous structure, provides the insight into the enhanced oil recovery technology [29] . Moreover, MEMS technology also motivates the research on multiphase flow in microchannel. A novel gasliquid-solid catalyzed reactor, for example, was discussed in [28] . Such MEMS device uses a froth generator to feed a mixture of bubbles and liquid slugs into the capillaries for the mass transfer enhancement, and the movement of bubbles and slugs is important to consider.
Various numerical methods have also been employed for the study of the multiphase flow in microchannel. As a conservative method suitable for the treatment of the interface topological changes, VOF is found to be among the best numerical tools when the bubble/slug dynamics and the liquid/gas interface morphology are of particular interest [19] [20] [21] . The velocity field and bubble profile in a vertical gasliquid slug flow inside the capillaries has been obtained in [22] and it was found to be in good agreement with published experimental measurements. [38] used VOF model to analyze the filling process of liquid slugs through channel network to micro-wells, which is the key component of the micro-fluidic devices for bio-medical applications. The simulation focused on the influence of the wall wetability and the result showed that wall surface property as hydrophilic/hydrophobic is a dominating factor in filling processes of reservoirs of various shapes.
Bubble/slug flow in confined space leads to the importance of studying the surface tension force acting on the triple line where three phases make contact. Contact angle is the critical parameter for the evaluation of the surface adhesive force in the sense that it relates unknown net surface tension force with the measurable liquid-gas surface tension coefficient, based on the Young-Laplace equation. However, the contact angle hysteresis effect, i.e. the nonuniqueness of the static contact angle, substantially complicate the determination of angle value, and should be responsible for various flow phenomena of the multiphase flow at small scale. [16] reported an experimental study of the detachment of air bubbles adhered to both upper and lower surfaces of a slit microchannel by shearing flow. The critical flow conditions needed to induce the bubble detachment was quantified, upon considering the balance between liquid drag force and surface adhesive force caused by the contact angle hysteresis. Similarly, Mahé et. al [17] and Basu et. al [7] have looked at the sliding and detachment of liquid droplets subjected to shear flows and established a correlation between droplet drag and contact angle hysteresis. In their studies, various distributions of contact angle along triple contact line are assumed and the integration is performed to evaluate the net surface adhesion force. Unfortunately, among the large number of papers concerned with the multiphase flow in the microchannel, relatively few of them are dedicated to numerically studying the impact of surface tension force. Especially, there lacks the numerical tool to analyze the influence of the contact angle hysteresis effect on the microchannel flow.
The present study proposes a 3-D contact angle hysteresis model within the framework of VOF approach. Upon solving the nonlinear equations relating the volume fraction, interface position, with the contact angle, a special algorithm is developed to replicate the hysteresis effect. The velocitydependent dynamic contact angle is also addressed based on the evaluation of contact line displacement. For the purpose of model validation, an experiment relevant to the slug dynamics is performed, based on which a systematic comparison between experiment and simulation has been conducted and the quantitative match in terms of droplet/slug profile evolution is achieved for a wide range of flow conditions. The simulation shows that it is critical to take into consideration the surface adhesive force and the contact angle hysteresis effect provided a microscale multiphase flow is simulated. The result also reveals that the contact angle distribution along the slug profile could be approximated using piecewise linear function. Moreover, the calculation shows that the contact angle hysteresis might be responsible for several phenomena observed in experiment, including the elongation of the slug shape and the post-detachment slug instability. 
NOMENCLATURE

NUMERICAL MODEL
As the VOF method provides the possibility of tracking immiscible interfaces and calculating surface tension that are of interest to the present study, it is employed here for the numerical investigation of the microscale two-phase flow. The two-fluid flow is modeled with the Navier-Stokes equation:
where ρ , µ and f are the density, viscosity, and body force term of the momentum equation, respectively. S is the rate of strain tensor
In our calculations, the body force f includes the gravity and interfacial tension force. The velocity field u is subject to the incompressibility constraint 0 u ∇ = i (1 ) ,
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The current VOF model employs the MAC finite difference method, which is based on the rectangular grids. Nodal values of the volume fraction C and the pressure p are defined at the center of each cell, while the nodal values of the horizontal and vertical velocity are defined at the midpoints of the vertical and horizontal sides, respectively. In each time step, the volume fractionα , which indicates the two-phase interface position, is first updated, followed by the calculation of the surface tension force. Finally, the velocity and pressure field are solved based on the Navier-Stokes Equation.
The updating of the interface is based on the Young's piecewise linear interface construction (PLIC) scheme [2] . Due to the small Reynolds number which is typical for the microscale flow, a laminar flow model is used. The equations are solved by an algebraic multigrid (AMG) solver [4] , as well as the pressure-implicit with splitting of operators (PISO) scheme for pressure-velocity coupling [5] .
SURFACE TENSION CALCULATION & CONTACT ANGLE SPECIFICATION
Surface tension along an interface arises as the result of attractive forces between molecules in a fluid. According to the Young-Laplace Equation, the surface tension force could be expressed in terms of the surface curvature k , surface tension coefficientσ , as well as the surface normal n :
) In our simulation, surface tension is applied using the CSF scheme [5] .The addition of surface tension to the VOF method is modeled by a source term f in the momentum equation:
where ρ is given by (5) . In our present treatment, σ is simply a constant and the maragoni effect is not considered.
The curvature k is defined in terms of the divergence of the unit normal n:
Where n n n ∧ = Substitute (8) into (7), yields:
In applying formulation (10) , an ALE-like discretization scheme is used. A unit vector n is calculated from discretizing To evaluate the gradient of α near the boundary, it is necessary to define the value of α outside the computational region. One method is based on extrapolation, using the condition that the direction of n at the boundary should be in accordance with the prescribed contact angle. As an alternative, the surface normal 
EVALUATION OF LOCAL CONTACT ANGLE
Many experiments and theoretical analysis [11] have shown that the asymmetric distributions of contact angle could give rise to a net surface force acting on the triple line, which dominates the microscale multiphase flow in confined space. In the CSM model, such surface tension force could be considered by means of contact angle specification. Therefore, it is critical to keep track of the local contact angle value for each time step in the simulation. In the present study, a numerical model is proposed to address the contact angle hysteresis effect, which is the key mechanism dominating the local angle variation. A basic hysteresis process could be illustrated by considering a droplet on the flat plate with uniform surface property, as shown in Fig.3 . Assume the initial droplet profile is curve A-B-C with the initial contact angle θ smaller than advancing angle. If water is added, the droplet will undergo growth, accompanied by the continuous increase of contact angle and the expansion of droplet profile all the way up to the location A-D-C, at which the contact angle reaches its upper limit, i.e. the advancing angle. It should be noted that the contact point A and C remain fixed until the droplet profile reaches A-D-C, after which the contact points start to move outwards in response to the further water supply, while the contact angle stops increasing and remains the advancing angle. Similarly, a reversed droplet shrinkage process could also be considered.
Fig.3 Hysteresis of droplet growth
The above discussion does not consider the dynamic contact angle. To be accurate, the advancing/receding angle appearing in the previous discussion only refers to the equilibrium adv/rec angle. Actually, it is found in the experiment [10] [11] [12] that once the contact line start to advance or retreat at a certain velocity, the contact angle will deviates from the equilibrium value. As shown in Fig.4 , a wetting process with a positive contact line velocity causes the contact angle to positively deviate from the equilibrium advancing angle, while a negative deviation from the equilibrium value exists for a dewetting process with a negative contact line velocity. From experimental data in which the velocities of the contact line are controlled and the values of the dynamic contact angle are measured, a correlation between the dynamic contact angle and the normal velocity of the contact line can be established. The dotted lines in Fig. 4 are the extrapolations of the curves to zero velocity, through a region where the velocities are too small to be measured experimentally. It is found that the extrapolated value (points A&D) does not perfectly overlap with the equilibrium angles obtained from the static experiment (points B&C), and the reason is still controversial [13] . Hoffman [10] was the first to postulate from a wide range of experimental data on liquid/liquid displacement in capillaries that the advancing dynamic contact angle depends on the capillary number and the equilibrium contact angle. Later on, many empirical correlations relating contact angle with capillary 
where T C is a constant. rec θ , adv θ are equilibrium advancing and receding angle, respectively. Considering their simple form, (13) and (14) are used in the present study. A numerical evaluation of (13), (14) shows that at moderate low contact line velocity, the dynamic angle is very close to its equilibrium counterpart and the deviation is negligible. In fact, measurements on slowly moving drops have been used for the purpose of determining equilibrium contact angles [40] . Fig.4 Map of contact angle hysteresis Upon the knowledge of the contact angle hysteresis effect, the current objective is the replication of the hysteresis process in the 3-D simulation. First, it should be realized that a typical hysteresis process always has memory effect, in the sense that the value at current time step should depends on the parameters not only in the current step, but also in the previous time steps, i.e. its history. To accommodate this memory effect, it is necessary to update local angle value in the current time step by considering its counterpart in the previous step, as well as the angle increment between the consecutive time steps.
Specifically, the angle value 1 i θ + at time step 1 i + could be expressed as:
where the Heaviside Function H is defined as:
The subscripts j denotes the computational cell j which has the individual local angle j θ .The 2nd right-hand term of (15) refers to the angle increment between time step 1 i + and i .The volume fraction j α , a measure of the liquid/gas volume ratio in cell j, is introduced into the increment term to account for the fact that the contact angle variation are essentially caused by the change of liquid/gas volume in each cell. Actually, either wetting process, which refers to the invasion of liquid phase into gas phase, or the reversed dewetting process, is associated with the change of j α . In deriving (15) , it is realized that the advancing and receding angle could be viewed as the upper and lower limit of the real angle value, respectively. Within the range of receding and advancing angle, the local angle could vary freely and the contact line pinned, while beyond which, the local angle will be fixed at either advancing or receding angle with a moving contact line, and the increment term in (15) simply drops out.
Equation (15) still requires the evaluation of
Here, a rectangular cell lying on the boundary is considered as illustrated in Fig.6 . As a fundamental treatment in the VOF model, the liquid-gas interface is approximated as a plane within each cell, as indicated by plane A-B-C-D-E-F in the graph. Also, the triple contact line where liquid, gas, and solid phases make contact is represented by the intersecting line of the interface plane and the bottom plane, as highlighted by the red dashed line in Fig.6 , where the contact angleθ is also shown. In accordance to the definition of contact angle, the volume fraction α corresponds to the volume of the portion of the cell below the interfacial plane. As discussed previously, the contact line should be fixed during the variation of α , provided θ lies between the advancing and receding contact angle values. Therefore, a change of α simply results in the rotation of the interfacial plane A-B-C-D-E-F about the axis BH to, say, either 2  2  2  2  2  3  2  3  3  2   2  2  2  2  1  3  1  3  3 tan
Contact Line Velocity
In practice, the contact angle value is stored and updated for each cell on the contact line. A key feature of VOF model is that the mesh is fixed and does not move along with the contact line in the calculation, which means that the contact angle value stored in each computational cell could not follow the motion of contact line. As a result, the angle value in previous time step may become unavailable if the contact line is shifting from one cell to the other. However, the angle updating algorithm always requires the input of angle value in previous time step. To solve this contradiction, the local angle values of the cells lying on the contact line (cell B in Fig.7) are dynamically passed to their neighboring cells located in the normal direction of the contact line (cell A and C). Fig.4 , the hysteresis effect no longer influences the angle value provided the contact line is in motion. Instead, the contact angle becomes a function of the contact line velocity. Therefore, the implementation of (13) and (14) to solve for contact angle requires the determination of contact line velocity. Since the contact line location can be tracked, the displacement of contact line between two consecutive time steps could be deduced, and the contact line velocity could be readily calculated as well.
Fig.7 Schematic of angle value transfer As illustrated in
EXPERIMENTAL SETUP FOR MODEL VALIDATION
The present hysteresis model was validated by considering the slug flow in microchannel with bottom water injection. Here, a silicon based test structure was fabricated, which consists of a U-shaped microchannel and a water reservoir connected by side slots, allowing for side wall water injection (as shown in Fig.8 ). The channel 500 microns in width is etched to 45 microns depth. Air flows through the channel while the water is injected into the channel through a 20 microns wide side slot located at the one third downstream of the channel. In order to render the channels hydrophobic, the structures are treated with a Molecular Vapor Deposition (MVD) process developed by Applied Micro Structures, Inc, with the measured advancing angle reaching up to 135 degrees. Compressed air is supplied to the channel and the flow rate precisely controlled by a current operated pressure regulator (ControlAir Type-500X). A Harvard Syringe Pump is employed to pump the water into the channel at designated flow rate in the direction normal to the airflow. Depending on syringe size, water rates ranging from 1 nL/hr to 0.5 mL/sec can be achieved with reasonable accuracy. Also, the setup utilizes a Sensirion flow meter based on CMOS technology to monitor the air flow rate. A needle valve located at the outlet of the test microchannel allows for the adjustment of the exit pressure.
The visualization system includes a Nikon TE2000U inverted epifluorescence microscope with 4X and 10X objectives, to which a Phantom v6.1 High Speed CCD camera is connected. A frame rate of 5000 frames/sec was employed to capture the dynamic slug behavior in microchannel.
Fig.8 Image of microfabricated silicon channel
RESULTS AND DISCUSSION
The small dimension and high aspect ratio of the silicon channel used here substantially enhance the impact of surface tension and contact angle hysteresis effect, which is favorable for the purpose of model validation. To perform the quantitative comparison, it is critical to ensure that the flow conditions used in our simulation are in agreement with those of the experiment. To avoid the possible error caused by the flexibility of tubing, the water injection flow rate is extracted from the slope of the correlation between slug volume variation and time, rather than from the reading of the syringe pump. A perfect linear correlation is found for all cases in our study, which also shows that the evaporation is negligible during the slug growth due to the small time scale, and it is safe to neglect the mass diffusion effect in the calculation. In accordance with the wide range of flow conditions tested in the experiment, the current comparison is conducted over 9 cases, with the air flow rates ranging from 13 m/s to 26 m/s. Although a single syringe pump flow rate setup is used for all cases, the effective water injection flow rates measured based on the image processing differ from case to case, ranging from 0.09 m/s to 0.18m/s. It was illustrated in [15] that under the conditions tested the water injection rate influences the slug entrainment frequency but has no significant effects on slug departure size.
As a key feature of our model, the advancing and receding angle needs to be specified as an input to the simulation. The contact angle at the channel bottom could be readily determined from the slug side view. For the channel in the experiment, the bottom advancing and receding angles are measured to be 105 o and 70 o , respectively. However, it is difficult to perform the insitu measurement of the contact angle at the side wall, since the top view is basically not available. Furthermore, the manufacturing process could significantly change the surface property, rendering the ex-situ measurement based on the exterior sample surface inapplicable to the interior surface. Rather than experimentally measuring side wall contact angle, we use an alternative method by performing simulation over a wide range of various contact angles and see which angle value yields the result most consistent with the experimental observation. Since only a single channel is used in the experiment, only one pair of side wall adv/rec contact angles needs to be determined and specified for all cases. Therefore, although the side wall contact angle is essentially obtained based on a fitting method in nature, our model could still be effectively validated if a quantitative match between simulation and experiment could be achieved over various flow conditions and the same contact angle. Through preliminary testing, it is found that the side wall adv/rec angle specified as 135/70 degrees generates the result perfectly matching the experiment over the entire the range of flow conditions. Fig.11 -Fig.12 illustrate the comparison between experiment and simulation for two flow conditions. In Fig.11 , 15.56m/s air velocity and 0.09m/s water velocity are employed, whereas in Fig.12 , the air and water velocity are set to be 17.78m/s and 0.11m/s, respectively. The same channel is used in both cases, so is the contact angle. The first row in each figure corresponds to the no-hysteresis simulation in which the current hysteresis model is not employed and only a single contact angle (105 o for Fig.11 and 90 o for Fig.12 ) could be specified for the entire computational domain. Conversely, the second row refers to the simulation based on the present hysteresis model. The third row shows the experimental result to which our simulation is compared. The white arrow indicates the direction of the airflow, and the bottom water injection slot is located at the left edge of each image.
As illustrated in the figures, a quantitative match is achieved between experiment and simulation in the following aspects: 1) the height and length of the slug at the detachment point, shown in the last image of the 2 nd row, turn out to agree well with those in the experiment. The quantitative comparison in terms of this aspect will be conducted over the entire flow conditions in the following discussion 2) Similar to the experimental observation, the slug growth velocity in the longitudinal direction is much higher than that in the transverse direction, resulting in a elongated shape 3) The curvature of the computed slug profile also varies in a similar pattern as that of the real slug does. Due to the difficulty of experimentally measuring the out of plane curvature, the present comparison is restricted to the slug profile curvature in the plane of image.
For the no-hysteresis cases shown in Fig.11 and Fig.12 , the slug detachment occurs at 9 ms and 10ms, respectively, both of which are much earlier than their counterparts in the hysteresis simulation as well as in the experiment. Whenever the hysteresis effect comes into play, the asymmetric distribution of the contact angle along the slug profile gives rises to a net retentive force, which resists the slug motion in the streamwise direction, and in turn delays the detachment. Conversely, the absence of the hysteresis precludes the asymmetry of the contact angle distribution and the existence of the retentive force as well, leading to the early detachment As an another characteristic contradicting the experiment, the detached slug without hysteresis tends to contract radially and become circular rather than elongated in the image plane. In the real world, such phenomenon typically occurs for the droplet in a free space, but is not realistic in a confined space due to the impact of the hysteresis effect.
The no-hysteresis simulation in Fig.11 also shows that the slug eventually detached from the channel bottom and become suspended in the airflow, which is virtually a typical phenomenon for the highly hydrophobic channel in the absence of the hysteresis. As discussed in [7] , a sliding drop detaches when the hydrodynamic lift force exceeds the adhesive forces acting in the normal direction to the channel bottom. In fact, the lift force originates from the asymmetry of the water flow field over the slug, and is not relevant to the surface tension. However, the corresponding adhesive force, which resists the lifting motion of the liquid slug in the channel, stems from the interfacial tension, and is proportional to the sine function of the contact angle, provided the hysteresis effect is neglected. Therefore, since a 90 o contact angle yields higher adhesive force than any other angle values do, the slug lifting-off never occurs in the no-hysteresis simulation of Fig.12 .It also should be noted that such suspension never happen if the contact angle hysteresis comes into play. Similar to what occurs in the longitudinal direction, the hysteresis effect could also generate a net force in the transverse direction normal to the bottom, which prevents the slug from becoming suspended. The side wall contact angle distributions at detachment point for various flow conditions are manifested in Fig.16 . The x-coordinate in the graph represents the curvilinear distance from the point of interest to the slug head, i.e. point F in the legend. The distance has been nondimensionalized by the entire length of the slug profile from point F to point E. It shows that the angle distributions under various flow conditions share the common combination of characteristic regions, i.e. a uniform advancing angle region, a uniform receding angle region, and a linear decreasing region in between. However, if the nondimensionalized locations of the separation points A and B, which mark the transition from region to region, are compared over cases, some interesting trend could be found. Specifically, point B, which separates the receding angle region with the decreasing region, remains fixed at 0.7 for various air flow rates. Conversely, point A, which lies between the advancing angle region and the decreasing region, shifts to the right with the increase of the air flow rate and the decrease of slug detachment size. In other words, the increasing air velocity will narrow the linear decreasing region and cause the line AB to become steeper. When it comes to evaluate the net surface tension force acting on the triple line of the bubble or liquid droplet, [16, 17] assumes that the contact angle on the upstream half of the contact line is uniformly advancing angle and on the downstream half of the contact line uniformly receding angle, [8, 9] assumes the contact angle decrease linearly from the head to the tail, while [7] assumes there exists a uniform advancing angle region, followed by a linear decreasing region from advancing angle to the receding angle. Our simulation result shows a distribution pattern differing from their work. It should be noted that a portion of the contact line already moves even before the detachment, and it is discussed previously that the contact angle on a moving contact line could deviate from its equilibrium value , A R θ θ in a manner described by (13) , (14), i.e. θ could be either higher than A θ or smaller than R θ .
However, considering the contact line only moves at very low velocity before detachment, such deviation is not visible in Fig.16 . Fig.16 Predicted side wall contact angle distribution at detachment point An interesting phenomenon observed in both the experiment and simulation is the slug instability after detachment, as illustrated in Fig.17 . Under some flow conditions, a post-detachment slug may experience an abrupt increase in height and decrease in the length such that the slug is squeezed while moving forward. Meanwhile, a sudden increase of the slug height causes the air drag force to build up dramatically, resulting in an extremely large acceleration of the slug motion. Such motion pattern is not stable and the slug will eventually break up into small droplets entrained by the air flow. The blurring of the last image in row 1, Fig.17 is a good illustration of the fairly high velocity of the slug before its breaking up. In the present simulation, the dynamic contact angle is calculated based on (13), (14) . While a detailed discussion of the mechanism behind the slug instability is
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beyond the scope of this paper, it is very important to note that the contact angle hysteresis effect is the primary factor that induces the post-detachment slug instability, a phenomenon never taking place in the absence of the hysteresis-induced boundary adhesion force. Recall what was illustrated in Fig.11 and Fig.12 , a no-hysteresis model generally yields a symmetric and round slug shape, which never deforms in an unstable manner. 
CONCLUSION
It is well known that the surface tension force acting on the triple line is important for the multiphase flow occurring in the microscale confined space. Specifically, contact angle hysteresis, i.e. the ability of the position of the contact line to remain fixed provided the value of contact angle θ lies within the interval R A θ θ θ ≤ ≤ , plays a critical role. To account for this factor, the present study focuses on the numerical simulation of the microscale multiphase flow, using a contact angle hysteresis model within the framework of VOF approach. Based on solving the nonlinear equations accounting for the relationship among volume fraction, interface position, and contact angle, a special model is developed to replicate the hysteresis effect. In addition, special algorithms are introduced to simulate the thin liquid/gas films. Moreover, the dynamic contact angle, which is velocity dependent if contact line is in motion, has been considered by employing the empirical formula and calculating the displacement of the contact line between consecutive time steps. For the model validation, the slug flow in microchannel was experimentally studied, and a systematic comparison between experiment and simulation has been performed. Quantitative matches are achieved for a wide range of flow conditions, and the importance of considering contact angle hysteresis effect has been clearly illustrated.
The simulation of the slug flow in microchannel shows that the contact angle hysteresis should be responsible for the slug elongation and the post-detachment instability. Moreover, the simulation result implies that contact angle distribution along the slug profile could be approximated using piecewise linear function. Specifically, a fairly good consistency of the calculated slug dimensions at the detachment point with those measured in the experiment shows the potential of the current model to predict the slug growth and detachment behavior in the microchannel, a problem being important for a wide range of applications, e.g. fuel cell water management and MEMS devices.
Finally, upon the consideration that the pattern of multiphase flow in confined space at small scale is generally sensitive to contact angle and surface property, using the present hysteresis model in a reversed way provides an indirect method to predict the effective contact angle of the surfaces for which an in-situ measurement is difficult to conduct. For instance, the advancing and receding angle of microchannel could be estimated by identifying the optimized angle values that provided the best match between the computed flow pattern and the experimental observation. Similar approach has been used in [34] for the prediction of bubble geometry.
